Introduction
On conventional (non-contrast-enhanced) MR imaging signs of increased signal intensity in the central cord and enlarged subarachnoid flow voids are suggestive for the presence of a vascular spinal cord malformation. However, they provide no predictive information on the exact location of the malformation and thus additional imaging is warranted. At present, catheter angiography is still the standard of reference to image the arteries and veins of the spinal cord 1 and the preferred technique for diagnosing, localizing, and classifying vascular spinal lesions 1, 2 . Although it provides superior spatial resolution and image quality, catheter angiography has, however, several major drawbacks, as it is invasive, involves exposure to ionizing radiation, and has a small risk for major complications, including spinal cord infarction 3, 4 . In addition, it can often be time consuming and may require multiple catheterizations to locate the vascular spinal cord malformation. For these reasons, new imaging methods were searched and developed in order to non-invasively visualize the aberrant spinal cord vasculature.
Recent advances in MR and CT angiography have strongly improved the vessel-to-background contrast by using fast acquisition in combination with contrast agent bolus injection and are now able to depict and differentiate normal from abnormal spinal cord vasculature.
In this paper the relevant vascular radiological anatomy of the spinal cord is first briefly outlined. Subsequently, previously used and new spinal cord MR angiography techniques as well as CT angiography techniques will be discussed. Then the MR and CT angiography techniques will be compared for spinal cord angiography. To conclude an outlook is provided on possible future developments and applications of non-invasive spinal cord angiography.
Vascular anatomy
In order to correctly interpret radiological images of the spinal cord vasculature it is important to have adequate knowledge of the vascular anatomy of sup-plying arteries and draining veins. It is out of the scope of this current paper to go into detail on the complex vascular anatomy of the spinal cord, for a detailed description we refer to existing textbooks on this topic 5, 6 . Spinal cord anatomy in this paper is restricted to the configuration of the supplying arteries and draining veins of the thoracolumbar spinal cord as this is of relevance in radiological imaging and affects the majority of current clinical applications.
The normal vascular anatomy of the thoracolumbar spinal cord is illustrated in figure 1 . The calibres of the anterior and posterior spinal arteries lie in the sub-millimetre range 6, 7 , and are usually smaller by a factor two or three than the accompanying veins. Moreover, in many parts of the spinal cord small arteries and small veins lie immediately adjacent to each other, being separated by less than 1 mm. This places very high demands on the spatial and temporal resolution of the imaging technique.
Spinal cord arteries
The spinal cord receives blood from the anterior spinal artery (ASA) and the posterior spinal arteries which connect to each other at the conus of the spinal cord. The ASA has a varying diameter (0.2-0.8 mm 5 ) along its course on the anterior cord surface. The thoracic part being the narrowest and the lumbar the widest. At numerous locations the ASA is supplied by anterior radiculomedullary arteries, which have a typical hairpin shaped configuration. The largest anterior radiculomedullary artery (ARA) is called the great anterior radiculomedullary artery or Adamkiewicz artery (AKA, diameter 0.5-1.0 mm 5 ). Each ARA derives from a posterior branch of a segmental (i.e. intercostal or lumbar) artery, which is a direct branch of the aorta, and the ARA intradurally continues as the ASA. In approximately 70% of cases the AKA originates from an intercostal or lumbar artery on the left side of the vertebral column and most frequently between the vertebral levels T8-L1 7 .
The posterior spinal arteries are usually paired and course on the posterolateral surface of the spinal cord along its entire length and may occasionally be discontinuous. Posterior spinal arteries and the corresponding posterior radiculomedullary supply typically are less than 0.5 mm in diameter and at present can only occasionally be depicted in vivo by catheter angiography.
Spinal cord veins
The vein that runs in the midline of the anterior spinal cord surface is called the anterior median vein (AMV, diameter 0.4-1.5 mm 5 ). Normally its has a larger caliber than the adjacent ASA. Comparable with the ARA's, there are numerous anterior radiculomedullary veins that drain the cord. The great anterior radiculomedullary vein (GARV) that drains the anterior thoracolumbar spinal cord, is easily mistaken for the AKA due to its comparable spatial course and locations.
On the posterior surface of the spinal cord veins and arteries can be more easily separated as the posterior median vein has an irregular tortuous course and large calibre (up to 2 mm) and because there are no posterior midline arteries.
MR angiography of vascular spinal cord malformations
In patients suspected of having a vascular spinal cord malformation it is important to classify normal from abnormal spinal cord vessels and when present to accurately localize and characterize the vascular lesion as this determines the treatment strategy. A description and classification of vascular spinal cord malformations will be extensively covered in the paper by Timo Krings et al. For simplicity we divide them in spinal dural arteriovenous fistula (SDAVF) and spinal arteriovenous malformations (SAVM) which include intramedullary glomus malformations, perimedullary arteriovenous fistula and juvenile malformations.
Non-invasive imaging of vascular spinal cord malformations is challenging. In order to have a technique that is able to localize these malformations as well as the normal intradural arteries and separate them from the veins three requirements have to be addressed. These requirements are: 1) large spatial coverage allowing a wide survey for detection of fistulous connections, 2) high spatial resolution as the vessels of interest have a submillimeter to millimetre calibre, and 3) high temporal resolution to locate the fistulous connections and to differentiate the AKA from the GARV. The difficulty is to combine these 3 conflicting items, as improving one of these items leads to degradation of the others.
Over the last decade, several MR angiography techniques have been developed, including contrastenhanced time-of-flight (TOF) [8] [9] [10] [11] , phase-contrast angiography (PCA) 12, 13 and fast contrast-enhanced MR angiography [14] [15] [16] [17] [18] . The earlier TOF [8] [9] [10] [11] and PCA 12,13 techniques offered sufficient spatial resolution, however insufficient temporal resolution to depict the normal arteries of the spinal cord or the shunting site of spinal Figure 1 Coronal anatomical drawing of the largest inlet artery and outlet vein of the anterior thoracolumbar spinal cord. The largest and therefore considered to be the most important, supplier of the thoracolumbar spinal cord is the Adamkiewicz artery. This artery connects the posterior branch of a segmental artery, from which it originates, directly through a typical hairpin course to the anterior spinal artery. The anterior median vein drains the blood from the spinal cord to the anterior radiculomedullary veins. The largest of them, the great anterior radiculomedullary vein (GARV), connects to a segmental vein, that eventually merges with the vena cava. Note the similarities in the shape between the Adamkiewicz artery and the GARV as both exhibit a hairpin like configuration. Nevertheless, there are distinct differences. The Adamkiewicz artery is thinner compared to the GARV, the intradural span of the GARV is longer, and the GARV is usually located more caudally. Fast contrast-enhanced MR angiography techniques are more capable to address the needs necessary for this type of diagnostic imaging. Binkert et al 14 were the first to use a fast contrast-enhanced technique and were able to depict the feeding artery to the SDAVF. Later, Farb et al 15 (n = 9) and Luetmer et al 16 (n = 31) demonstrated that SDAVFs can be accurately localized using a MR angiography technique in which the AV contrast was emphasized with a bolus injection of contrast agent. Unfortunately, the craniocaudal FOV was limited (28 cm and 36 cm, respectively), thereby missing the level of the fistula in 5 patients in the study by Farb et al 15 and in 6 patients in the study by Luetmer et al 16 . In neither of the studies described above depiction of normal intradural arteries was achieved, which is mandatory to detect and preserve in case of endovascular treatment.
More recently, Ali et al 17 patients (figure 2) . In intradural SAVM, the main feeding artery was identified by MR angiography in 10 of 11 patients. MR angiography could differentiate between glomerular and fistulous SAVM in 4 of 6 patients and between sacral SDAVF and filum terminale SAVM in 2 of 5 patients. Also, the relevance of detecting the AKA in spinal AV shunts was illustrated by a case in which the radiculomeningeal artery supplying the SDAVF also gave rise to the AKA. In this case, cautious treatment was required to avoid interruption of the blood supply to the AKA, with risk of paraplegia. Detection of multiple arterial feeders in patients with extensive fistulous SAVM remained limited to the largest feeders. Small additional feeders were detected by conventional angiography but remained unnoticed with MR angiography ( figure 3) . In addition, subclassification of SAVM in terms of glomerular and fistulous was not successful in all of the patients and still required conventional angiography. The most important finding of this study was the observation that no false-positive and no false-negative MR angiography results were obtained regarding AV shunts of the spinal cord in a relatively large series of patients.
CT angiography of vascular spinal cord malformations
Multidetector spiral CT angiography has significantly improved over the past several years in reducing scan time and increasing spatial resolution. Lai et al 19 were the first to use a modern 16-section CT system enabling a craniocaudal coverage of approximately 55 cm and a voxel size of 0.5 × 0.5 × 0.75 mm for spinal cord CT angiography in patients suspected for SDAVF. They correctly localized in all 8 of the patients the fistula together with the feeding artery (thoracic in 7 and sacral in 1 patient) and depicted the engorged perimedullary draining veins.
Recently, Si-jai et al 20 reported good results in 17 patients harbouring a vascular spinal cord malformation using a 64-detector row spiral CT. However, spatial and temporal resolution were still inferior to catheter angiography hampering characterization of complicated malformations and failing to locate the level of fistulation in two SDAVF. Therefore, they conclude that it can be used as a screenings tool for detecting vascular spinal malformations and can have a guiding effect on the catheter angiography. Both Lai et al 19 and Si-jai et al 20 did not comment on detection of normal spinal cord arteries and veins. However, recent studies have shown that multidetector CT angiography is able to detect the AKA in the non-diseased spinal cord [21] [22] [23] [24] . Table 1 gives an overview of the most relevant characteristics when selecting MR or CT angiography for depicting spinal cord vessels. Although there are reports in literature that CT angiography is able to detect the AKA in up to 100%, there has been no validation study for CT angiography up to now, that shows that inlet arteries can be reliably separated from outlet veins. For differentiation between spinal cord arteries and veins the timing of the start of the image acquisition relative to the contrast agent arrival is extremely critical. This timing is even more critical for CT than for MR angiography, as CT angiography is a sectionbased acquisition and faster per section compared to MR angiography, which is a (3D) volume based acquisition. An important advantage of current CT systems is that it achieves a higher spatial resolution than MR angiography, which is beneficial for the visualization of submillimeter-to-millimeter-sized intradural vessels.
MR versus CT angiography
MR angiography benefits from the fact that strong background suppression techniques (short TRs for CSF and cord tissue with relatively long T1 relaxation times) are available, which allow the depiction of vessels smaller than the voxel size at acquisition (calibre, >0.3 mm 29 ). Background suppression of, for instance, the strong bone signal intensity, could also be realized within CT angiography by acquiring a precontrast scan and subsequently subtraction from the contrast-enhanced scan. However, this would further increase the radiation exposure and increase the noise level. The efficient background tissue suppression techniques of MR angiography are probably the reason why MR angiography achieves a better contrast-to-noise ratio compared to CT angiography 23 . On the other hand, the anatomy is better co-visualized in CT imaging (i.e., cord and vertebral bone), which is very helpful to localize the level of the vascular lesion. Because MR angiography aims to suppress the surrounding tissue as much as possible, anatomic information is absent in first-phase images.
However, the standard acquired second phase image will display the (delayed) enhancement of the venous plexus and the vertebral bodies, which in turn help to localize the level of the lesion.
A serious disadvantage of CT imaging in general is the inherent exposure to ionizing radiation. The effec-tive dose when performing a CT scan of the entire spinal cord amounts to approximately 20 mSv 32 .
Taken in account all aspects mentioned above, we prefer to use MR angiography instead of CT angiography for imaging the normal and aberrant spinal vasculature. Nevertheless CT angiography provides a noninvasive manner to located the AKA as well as vascular spinal cord malformations and due to its shorter exam time has a larger availability compared to MR angiography.
Outlook
Ongoing developments in imaging software and hardware will definitely further improve the possibility of non-invasive visualization of spinal cord arteries and veins. At this moment the main shortcoming of current MR approaches for spinal cord angiography is the limited spatial and temporal resolution, which prohibits to identify additional feeders of SAVM.
Recently developed intelligent acquisition and postprocessing protocols allow to obtain several frames per second that could be used to improve the ability to examine and characterize the hemodynamics of spinal cord arteriovenous malformations 33 . Also the use of a 3 Tesla magnet might be beneficial as it in theory provides better signal-to-noise characteristics that can be used to improve temporal (and/or spatial) resolution. At the moment 1.5 Tesla MRI systems have one major advantage over current clinical 3 Tesla systems and that is the availability of relatively homogenous magnetic field in a relatively large craniocaudal field of view of 50 cm. Such a large field of view is essential when using MR angiography as a screenings tool for the detection of vascular spinal cord malformations.
In addition the stronger field inhomogeneities near the vertebral bodies at 3 Tesla give rise to susceptibility artefacts that seem to counteract the increase in the signal-to-noise ratio. So for now there is, at least in our opinion, no benefit in changing to a 3 Tesla magnet.
An interesting application of non-invasive imaging and especially MR angiography is to use it as a follow up investigation after treatment of a vascular spinal cord malformation ( figure 4 ). This could in future replace follow up catheter angiography.
Conclusions
Both spinal cord MR and CT angiography are now an attractive alternative to catheter angiography to screen a patient suspected of having a vascular spinal cord malformation. We have a preference for MR angiography and recommend that every patient suspected of harbouring a vascular spinal cord abnormality should first undergo a contrast-enhanced MR angiography dedicated to the spinal vasculature as this prevents a patient from needlessly undergo a catheter angiography in the absence of an abnormality. In the case an abnormality is present, it can focus the catheter angiography to the appropriate level limiting catheter angiography examination time.
